Neurosteroids play a key role in catamenial epilepsy, a menstrual cycle-related seizure clustering in women with epilepsy. While neurosteroids act on all GABA-A receptor isoforms, they cause greater effects on extrasynaptic dGABA-A receptors that mediate tonic inhibition in the brain. Previously, we identified a potential GABA-A receptor mechanism for catamenial epilepsy. However, the precise functional role of extrasynaptic dGABA-A receptors in the pathophysiology of catamenial epilepsy remains unclear. In this study, we utilized mice lacking extrasynaptic dGABA-A receptors (dKO) to investigate whether reduction of tonic inhibition affects catamenial seizure susceptibility or intensity. Intact female wildtype (WT) and dKO mice were subjected to hippocampus kindling until they exhibited stage 5 seizures. Elevated gonadal hormone-based neurosteroid levels were induced by standard gonadotropin regimen and neurosteroid withdrawal (NSW) was triggered by finasteride. NSW increased susceptibility to, as well the intensity of evoked catameniallike seizures in WT and dKO mice. However, fully kindled dKO mice exhibited an accelerated and augmented response to NSW, with a more rapid increase in seizure susceptibility and intensity than WT mice undergoing the NSW paradigm. Moreover, dKO mice in NSW showed reduced benzodiazepine sensitivity, but in stark contrast to the increased neurosteroid sensitivity observed in WT animals, dKO mice displayed no change in neurosteroid sensitivity in response to NSW. The increased catamenial seizure exacerbation and alterations in antiseizure drug responses are consistent with NSW-induced changes in the abundance of dGABA-A receptors. Collectively, these findings provide evidence of a potential protective role for extrasynaptic dGABA-A receptors in catamenial-like seizures. V C 2017 Wiley Periodicals, Inc.
INTRODUCTION
Neurosteroids have been shown to be critically involved in the pathophysiology of catamenial epilepsy, a menstrual cycle-related seizure disorder characterized by seizure clustering at specific times, most often during the perimenstrual or periovulatory periods (Herzog et al., 2004 Reddy, 2009; Reddy et al., 2012; 2016) . Neurosteroids represent a broad class of steroids that rapidly alter neuronal excitability. The three most widely studied neurosteroids are allopregnanolone (AP; 3a-hydroxy-5a-pregnan-20-one), THDOC, and androstanediol (Reddy and Estes, 2016) . Progesterone is a major precursor of pregnane neurosteroids, such as AP and pregnanolone in the brain (Reddy et al., 2004; Tuveri et al., 2008) . AP and structurally related neurosteroid inhibit neuronal excitability through direct interaction with GABA-A receptors (Hosie et al., 2007; Reddy, 2013, 2016; Reddy, 2016) . GABA-A receptors are composed of five subunits from several classes (a1-6, b1-4, g1-3, d, u, E, and q1-3). The major isoforms of the pentameric receptor consist of 2a, 2b, and 1g or d subunits. Neurosteroids will bind to all GABA-Areceptor isoforms, but preferentially act on d-containing extrasynaptic GABA-A receptors that mediate tonic inhibition (Belelli et al., 2002; Wohlfarth et al., 2002; Stell et al., 2003; . These interactions can exert distinct anticonvulsant properties (Reddy, 2011) . Emerging evidence suggests that neurosteroid interactions at GABA-A receptors play a key role in protecting women against perimenstrual seizure exacerbation, and that neurosteroid fluctuation or withdrawal may be a key factor igniting catamenial seizures (Smith et al., 1998a,b; Reddy et al., , 2012 Reddy, 2009; Gangisetty and Reddy, 2010; Pack et al., 2011; Reddy, 2016) .
Presently, there is no approved drug therapy for catamenial epilepsy. Clustered occurrence of seizure exacerbations is a hallmark of catamenial epilepsy (Herzog et al., 2004; Bazan et al., 2005; Maguire and Mody, 2007; Quigg et al., 2009 ). These catamenial cases are further classified into three distinct varieties, based on the timing of the clinical symptoms: perimenstrual and periovulatory in normal cycles, and luteal in women with inadequate luteal-phase cycles (Herzog et al., 1997 . The most prevalent variety is perimenstrual catamenial epilepsy with cyclical seizure exacerbation around menstrual periods. Ovarian cycle-linked fluctuations in progesterone and neurosteroids have been shown to affect the dynamics of GABA-A receptor expression, seizure susceptibility, and pharmacological sensitivity (Carver et al., 2014; Maguire et al., 2005; Tuveri et al., 2008; Moran and Smith, 1998; Follesa et al., 2000) . Seizures often decrease in the midluteal phase when serum progesterone levels are high, and increase premenstrually when serum progesterone levels drop, igniting the perimenstrual-type catamenial epilepsy. Previous studies, including those in progesterone receptor knockout mice, have shown that progesterone protects against seizures elicited by a variety of techniques (such as chemoconvulsants and kindling), through its conversion to neurosteroids, including AP (Reddy et al., 2004 (Reddy et al., , 2012 Reddy and Mohan, 2011) . Thus, perimenstrual seizure exacerbations are ascribed to withdrawal of the protective effects of neurosteroids (Reddy, 2009) . Neurosteroid withdrawal (NSW) is associated with a marked up-regulation of the a4-subunit in the hippocampus (Smith et al., 1998a,b; Smith et al., 2007) , which has been observed in association with an increase in seizure susceptibility and benzodiazepine resistance (Smith and Gong, 2005; Gangisetty and Reddy, 2010) . Thus, NSW and the accompanying changes in GABA-A receptor subunit plasticity may be a key-triggering factor for catamenial seizure exacerbations (Reddy et al., 2012; Reddy, 2016) . However, the functional role of dGABA-A receptors in the pathophysiology of catamenial epilepsy remains unclear. Therefore, we hypothesize that extrasynaptic dGABA-A receptor-mediated tonic inhibition is essential to control seizure susceptibility in perimenstrual catamenial epilepsy.
In this study, we utilized d-subunit GABA-A receptor knockout (dKO) mice to investigate whether targeted loss of dGABA-A receptor-mediated tonic inhibition within the brain affects catamenial seizure susceptibility. As described earlier, a catamenial-like, chronic seizure condition was created using the hippocampus-kindling paradigm (Reddy et al., 2012) . Our results show a striking increase in catamenial seizure susceptibility in dKO mice following NSW, which further supports the role of extrasynaptic dGABA-A receptors in catamenial epilepsy.
MATERIALS AND METHODS

Animals
Female adult (3-5 month-old) female wildtype (WT) and
; dKO) mice (Mihalek et al., 1999 ; a generous gift from Dr. Martin Wallner, UCLA, CA) weighing 25-30 g were used in the study (Carver et al., 2014) . All strains were maintained on a hybrid C57BL/ 6-129Sv background and genotyped by a validated method as described previously (Mihalek et al., 1999) . Mice were not ovariectomized and maintained normal reproductive physiology prior to induction of NSW. Mice were housed in an environmentally controlled animal facility with a 12 h light/dark cycle with access to food and water ad libitum. The animals were cared for in compliance with the guidelines outlined in the National Institutes of Health's Guide for the Care and Use of Laboratory Animals. Animal protocols were approved by our university's Institutional Animal Care and Use Committee.
Gonadotropin-Induced Neurosteroid Synthesis and Withdrawal Paradigm
To mimic the physiological condition experienced by women during the luteal phase of the menstrual cycle, a state of elevated progesterone and neurosteroids was induced in mice by a sequential gonadotropin regimen as described previously (Reddy et al., 2012) . Sequential gonadotropin treatment produces robust increases in circulating levels of progesterone's neurosteroid derivative allopregnanolone at 24 hours after the second injection. These elevated levels persist for at least 10 days. Treatment with finasteride induces a sharp drop in circulating levels of allopregnanolone 12 to 24 hours after injection. As shown in Fig.1 , mice were treated with pregnant mare's serum gonadotropin (PMSG; Sigma G4877; 5 IU s.c.) at 3:00 PM followed 46 h later by human chorionic gonadotropin (HCG; Sigma C0684; 5 IU s.c.) at 1:00 PM. On the ninth day, mice were injected with finasteride (Steraloids Inc. A4370-000; 50 mg/kg i.p.) to produce NSW. AP levels increase following the second gonadotropin injection and remain high through day 10 when uninterrupted. AP levels drop sharply after finasteride injection, falling to lowest levels by 12-24 hr and returning to normal physiological around 48 hr. This protocol was validated previously with neurosteroid measurements and molecular studies (Reddy et al., 2012 groups receiving saline injections. While impractical to reproduce the actual endocrine conditions of the menstrual cycle in mice, the physiological state produced here shares similarities with the perimenstrual phase observed in women. Ovariectomy was not utilized to avoid potential confounds associated with a total loss of ovarian hormones and the variable hormone replacement therapy required in such animals (Scharfman et al., 2005) .
Hippocampus Kindling Model of Epilepsy
To determine the role of extrasynaptic dGABA-A receptors on catamenial seizure susceptibility, we used the hippocampus-kindling model of temporal lobe epilepsy (Goddard et al., 1969) . Kindling is a model of complex partial seizures in which repetition of subconvulsant stimuli that evoke afterdischarges (ADs) leads to the development of a kindled state exhibiting electrographic and behavioral seizures. Once an animal has been kindled, the seizure-inducing response to the stimulus is permanent and seizures occur upon stimulation even after several months (Reddy and Mohan, 2011) . Electrode implantation and stimulation procedures for mouse hippocampus kindling were performed as described previously (Gangisetty and Reddy, 2010) . Briefly, anesthetized mice (ketamine-100 mg/kg and xylazine-10 mg/kg) were stereotaxically implanted with a twisted bipolar stainless steel electrode (model MS303/1; Plastic One, Roanoke, VA) in the right hippocampus (2.9 mm posterior, 3.0 mm lateral, and 3.0 mm below dura) (Franklin and Paxinos, 1997) and secured to the skull with dental acrylic and small anchor screws. After 7 days of recovery mice were tested or afterdischarge threshold by stimulating at 5 min intervals beginning with an intensity of 25 mA and increasing in increments of 25 mA until an afterdischarge of at least 5 s was obtained. Stimulation on subsequent days used an intensity of 125% of the threshold value. Seizure activity following each stimulation was rated according to the criterion of Racine (1972) as modified for the mouse: stage 0, no response or behavior arrest; stage 1, chewing or head nodding; stage 2, chewing and head nodding; stage 3, forelimb clonus; stage 4, bilateral forelimb clonus and rearing; stage 5, falling. Kindling stimulation was delivered daily until stage 5 seizures were elicited on 3 consecutive days. Seizure duration was recorded by a trained observer as the total duration of behavioral seizure expression starting from the first signs of post-stimulus freezing and/or twitching through the cessation of convulsions and/or return to normal activity. Afterdischarge duration was the total duration of hippocampus electrographic spike activity (amplitude > 2 3 baseline) occurring in a rhythmic pattern at a frequency > 1Hz. Mice were used for the NSW paradigm when they consistently exhibited stage 5 seizures with stimulation, which is considered the "fully kindled" state.
Test Drug Administration and Stimulation Protocol
To examine the ability of test drugs to suppress kindled seizures, mice were tested 24 h after the induction of NSW. Two different drugs, diazepam (Hospira, 02049-02) and AP (Steraloids P3800-000), were selected for mechanistic evaluation in NSW animals. Diazepam is insensitive as an agonist at a4GABA-A receptors (Smith et al., 1998b; Reddy et al., 2015) . The neurosteroid AP binds to synaptic and extrasynaptic GABA-A receptors isoforms but has enhanced sensitivity at the extrasynaptic dGABA-A receptors . In pharmacological studies, animals were injected with diazepam (0.1-1 mg/kg, IP) or AP (1-10 mg/kg, SC) 15 min before kindling stimulations. Behavioral seizure score, seizure duration, and the electrographic AD duration were recorded to evaluate drug responses. Finasteride and allopregnanolone (Steraloids Inc., Newport, RI) were made in 15% b-cyclodextrin (Captisol, Cydex RC-0C7-100) solution. Gonadotropins (Sigma, G4877 & C0684) and diazepam were diluted in saline.
Data Analysis
Group data are expressed as the mean 6 S.E.M. Comparison of means of the AD threshold, seizure duration, and AD duration between groups and within genotypes was made with two-way analysis of variance, followed by Student's t-test or Tukey test for multiple comparisons. Differences in median behavioral seizure score between groups were compared with the nonparametric Kruskal-Wallis test followed by the MannWhitney U test. Comparison of the percent animals exhibiting seizures and percent difference in seizure duration in various groups was made by Wilcoxon signed ranks test. In all statistical tests, the criterion for statistical significance was p < 0.05.
RESULTS
Progression of Hippocampus Kindling Development in dKO Mice
To create a model for developing catamenial epilepsy in female dKO mice, we used the hippocampus-kindling model of complex partial seizures. As shown in Fig. 2 , daily kindling stimulation of dKO mice was associated with a steady progression of behavioral seizures ( Fig. 2A ) and AD duration (Fig. 2B ). Mice were subjected to once daily kindling via an implanted electrode in the dentate gyrus region until they exhibited stage 5 seizures for 3 consecutive days, which is considered the fully kindled state. WT mice reached the fully kindled state with consistent stage 5 seizures after 15 stimulations ( Fig. 2A) . Compared to WT mice, dKO mice exhibited accelerated kindling epileptogenesis, Gonadotropin treatment regimen in mice for creating a perimenstruallike state of elevated neurosteroids followed by neurosteroid withdrawal (Reddy et al., 2012) . (B) Abrupt inhibition of the neurosteroid allopregnanolone synthesis was accomplished by pharmacological blockade of 5a-reductase activity with finasteride to produce neurosteroid withdrawal (NSW) as validated previously (Reddy et al., 2012) . but once at fully kindled state, did not significantly differ from WT animals in measures of seizure severity (AD duration, behavioral seizure intensity, seizure duration). dKO mice did exhibit a significantly lower seizure threshold (ADT- Fig. 2C ) and reduced number of stimulations to reach fully kindled state (2A) compared to WT mice. Afterdischarge threshold does not change for individual WT or dKO mice during kindling, and AD thresholds were confirmed immediately prior to induction of NSW. dKO mice also exhibited longer early-stage AD's than WT counterparts; however, this difference was diminished by the time animals reached fully kindled state. Within fully kindled animals, average seizure and AD duration did not differ between WT and dKO mice (Fig. 2D) . Overall, fully kindled dKO mice do not display significant differences in evoked-seizures when compared to WT mice.
NSW Exacerbates Seizure Susceptibility and Evoked-Seizures in Fully kindled dKO Mice
To investigate the role of dGABA-A receptors in NSW-associated increase in seizure susceptibility, we analyzed the stimulation-evoked seizure activity in animals undergoing NSW. Fully kindled adult female WT and dKO mice were subjected to the NSW protocol as described in Fig. 1A . Four key parameters were assessed as indices of catamenial-like seizure expression: (i) ADT current, (ii) AD duration, (iii) seizure intensity as per the Racine scale, and (iv) duration of seizures. Consistent with theorized heightened excitability due to sudden reduction of inhibition-augmenting neurosteroids, there was a marked decrease in the ADT current to induce generalized seizures in WT and dKO mice at 12 and 24 h after NSW (mean ADT value, 105 and 60 lA for WT control and withdrawal, respectively, and 62 and 30 lA for dKO control and withdrawal, respectively) (Fig. 3A) . The reduction in thresholds for evoked seizures was similar between genotypes (Fig. 3F) . The mean duration of the individual generalized seizures was similarly increased and longer in withdrawal than in control animals of either genotype (Fig. 3B) . Although increases in AD duration were observed in both WT and dKO mice at 12 hr and 24 hr after NSW, dKO mice displayed a significantly (Mihalek et al., 1999) . [Color figure can be viewed at wileyonlinelibrary.com] greater peak increase (at 12 hr) in AD duration than WT counterparts (Fig. 3C ). This response was significantly higher 12 h and 24 h after NSW and returned to control level by 48 h after withdrawal in both WT and dKO animals ( Fig. 3C and Fig. 4) , indicating a transitory period for seizure exacerbation after NSW. However, as evident from Fig. 3E , the NSW-induced seizure-exacerbation effect in dKO mice occurred an accelerated pace (12 hr peak in dKO vs 24 hr in WTs), and to a significantly greater degree at peak effect as reflected by the percent increase from baseline, reflecting an accelerated rate of the NSW-induced seizure exacerbation in dKO mice. The number of animals exhibiting generalized seizures at 50% of normal kindling stimulation ADT current (a separate but valuable measure of seizure threshold) was significantly higher after NSW than in the control group (Fig. 3D ).
Accelerated and Augmented NSW-Induced Exacerbation of Electrographic Seizures in dKO Mice
Representative electrographic events for each group are illustrated in Fig. 4 . Neurosteroid-withdrawn WT and dKO animals showed continuous spike bursts that progressively increased in amplitude and duration, indicating heightened epileptiform activity (Fig. 4) . In WT mice, average electrographic seizure (AD) duration was increased by 30% over baseline values 12 h after withdrawal, reached maximal levels of 200% over baseline 24 h after withdrawal, and declined to near-control level by 48 h after NSW (Fig. 3E and Fig. 4 ). Compared to WT animals, neurosteroid-withdrawn dKO mice displayed an accelerated timeline and augmentation of electrographic seizure exacerbation, with average AD duration peaking at nearly 300% of baseline value at 12 h after withdrawal (Fig. 3E) . At 24 h after withdrawal, dKO mice continued to exhibit elevated AD duration, which returned to near-control levels at 48 h after withdrawal. Finasteride without gonadotropin pretreatment did not cause exacerbation of evoked-seizures in fully kindled WT and aKO animals (data not shown), indicating the specificity of NSW on the exacerbation of seizure activity in fully kindled WT and dKO mice. In summary, fully kindled dKO mice undergoing the NSW paradigm experience a similar, but significantly more rapid and robust exacerbation of evoked-seizures than WT counterparts.
Neurosteroid Withdrawal Induces Spontaneous Generalized Seizures in dKO Mice
To further characterize the possible effects of NSW, animals were placed under continuous video surveillance to monitor for spontaneous generalized seizures and related behavior during the 24 hours following induction of NSW (Fig. 5) . This period corresponds with the greatest increase in excitability in both WT and dKO mice, as observed in the exacerbated severity of stimulationevoked electrographic and behavioral seizures (Fig. 3, 4) . Spontaneous (unprovoked) generalized seizures are not normally observed in fully kindled, non-NSW animals of either genotype. Videos were analyzed for any mice displaying spontaneous generalized behavioral seizures of Racine level 5 by a trained observer. As shown in Fig. 5 , the dKO cohort exhibited significantly increased incidence of spontaneous seizures during 24 h after NSW as compared to their WT counterparts (50% of dKO animals, compared to 20% of WT), indicating the striking increase in seizure exacerbation in dKO mice.
Neurosteroid Withdrawal Induces Diazepam Insensitivity in Fully kindled dKO Mice
To further investigate the role of dGABA-A receptors in NSW-associated alterations in the antiseizure profile of benzodiazepines, diazepam was characterized Fig. 4 . Neurosteroid-withdrawal induced exacerbation of electrographic seizure activity in fully kindled in dKO mice. Representative traces illustrating stimulation-induced exacerbation of electrographic seizure activity in a fully kindled WT (top panel) and dKO mouse (bottom panel) during neurosteroid-withdrawal period of 0 to 48 hours. Compared to WT mice, dKO mice exhibited a more rapid increase in AD duration, and well as a greater increase in AD duration at peak effect (12 hr). Average AD durations are similar at all other time points (see Fig.3E ).
pharmacologically in fully kindled dKO mice, as well as 24 h after NSW (Fig. 6A, B) . In control (non-withdrawal) WT and dKO animals, diazepam produced a dosedependent suppression of behavioral seizure activity (Fig. 6A ) and AD duration (Fig. 6B ) with significant effects at 0.1, 0.3, and 1 mg/kg, confirming diazepam protection against hippocampus kindling-induced seizures. In contrast, dKO mice undergoing NSW had significantly decreased seizure protection by diazepam (Fig. 6A,  B) . In control WT and dKO mice, doses of 0.1, 0.3, and 1 mg/kg diazepam produced 40%, 90%, and 95% seizure suppression, respectively (Reddy et al., 2012) . However, doses of 0.1, 0.3, and 1 mg/kg produced 5%, 40%, and 85% seizure suppression in neurosteroid-withdrawn dKO mice. These results suggest dKO mice experience similar but reduced shunting effects on diazepam efficacy during NSW compared to WT mice, with greater differentiation of effects at higher doses.
Unaltered Neurosteroid Anticonvulsant Sensitivity in Fully Kindled dKO Mice During NSW
In addition to diazepam, we investigated the efficacy of the prototype neurosteroid AP in dKO mice 24 h after NSW (Fig. 6CD) . Fully kindled control and neurosteroid-withdrawn dKO mice were tested in the hippocampal-kindling model with three doses of AP (1, 5, and 10 mg/kg s.c.). At these doses, AP exerted dosedependent suppression of the behavioral seizures (Fig.  6C ) and AD duration (Fig. 6D ) in fully kindled control WT and dKO mice. However, in contrast to the enhanced neurosteroid sensitivity observed in fully kindled WT mice after NSW (Reddy, et al. 2012) , no change in AP's suppression of behavioral seizures was observed between control and neurosteroid-withdrawn dKO mice (Fig. 6C) , and suppression of AD in neurosteroid-withdrawn dKO mice was not significantly different beyond the 1 mg/kg dose (Fig. 6D) . Moreover, previous studies showed plasma levels of AP achieved at various doses of AP treatment were similar between control and withdrawn WT mice, especially without significant drug accumulation in withdrawn animals (Reddy et al, 2012) , indicating that AP sensitivity was not caused by pharmacokinetic factors. The synthetic neurosteroid ganaxolone (1, 3, and 10 mg/kg) also produced enhanced (60%) efficacy in fully kindled neurosteroid-withdrawn WT animals (data not shown), confirming the enhanced sensitivity to neurosteroids in the NSW model of catamenial epilepsy ). Overall, these data provide powerful evidence for potential therapeutic viability of dGABA-A receptor targeting drugs for catamenial epilepsy patients suffering from intractable seizures around menses.
DISCUSSION
The principal findings of the study are that loss of extrasynaptic dGABA-A receptors results in striking amplification of NSW-induced hyperexcitability and seizure exacerbation in the mouse model of catamenial epilepsy. In fully kindled female mice, NSW has been shown previously to trigger a heighted exacerbation of seizure activity as evident by an increase in seizure severity, AD duration, generalized seizure duration (Reddy et al., 2012) . In dKO mice, the seizure threshold for generalized seizures was markedly decreased 12 2 24 h after NSW resulting in manifestation of spontaneous generalized seizures, suggesting enhanced vulnerability of dKO mice to catamenial-like seizures. NSW is known to be associated with increased GABA-A receptor a4-and d-subunit expression, reduced antiseizure sensitivity to diazepam, and enhanced antiseizure sensitivity to AP (Reddy et al., 2012) . This potential pathophysiological profile is consistent with clinical catamenial seizure features. When exposed to the NSW paradigm, mice lacking the dGABA-A receptor-mediated tonic inhibition displayed conspicuous measures of increased hyperexcitability to a greater degree than WT counterparts. Moreover, dKO mice in NSW displayed marked differences in NSWassociated changes in pharmacological response to diazepam and AP, including reduced diazepam insensitivity and lack of enhanced neurosteroid-sensitivity. Overall, these results reinforce the notion that extrasynaptic dGABA-A receptors and their endogenous neurosteroid ligands play a critical role in protecting against perimenstrual catamenial seizures in women, and that loss of this signaling through natural fluctuations in neurosteroids, such as during menstruation, may exacerbate seizure activity (Fig. 7) .
Previously we reported the development of a novel mouse model of catamenial epilepsy for use in mechanistic and therapeutic studies (Reddy et al., 2012) . Our data on d-and a4-subunit expression guided us towards a potential molecular mechanism for the enhanced seizure susceptibility and drug sensitivity in this epilepsy model. Alterations in ovarian hormones and modification of GABAergic inhibition are intensely investigated as potential pathophysiological mechanisms underlying catamenial epilepsy (Scharfman and MacLusky, 2006; Tuveri et al., 2008; Reddy, 2009 , Carver et al, 2014 . Until recently, the overarching theme in the investigation into catamenial epilepsy revolved around the lack of a suitable mouse model to investigate the pathophysiological mechanisms by which seizure activity is exacerbated. Using the NSW paradigm, we developed first a rat model, followed by a mouse model, both of which were successfully used for pharmacological testing of agents to reduce catamenial seizures Rogawski, 2001, Reddy et al, 2012) . A series of follow up studies have led to the identification of an extrasynaptic molecular mechanism of catamenial epilepsy (Reddy, 2016) . The importance of dGABA-A receptors in protecting against hyperexcitability in catamenial epilepsy is highlighted by neurosteroid's increased activity at dGABA-A receptors, and the lack of change observed in pharmacological efficacy of neurosteroids between NSW and control dKO mice. Therefore, the findings from the present study demonstrate an important step in the investigation of mechanisms driving hyperexcitability and seizure activity in catamenial epilepsy.
Reduced neurosteroid levels in the brain cause seizure exacerbation observed in the NSW mouse model. Measurements of plasma AP levels are consistent with the NSW induction effect of finasteride (Reddy et al., 2012) . Finasteride blocks the synthesis of neurosteroids such as AP and related 5a-reduced pregnane analogs that modulate GABA-A receptor function (Mukai et al., 2008) , and accordingly, we observed a latent period of 12-24 h after finasteride treatment before the start of NSW-related hyperexcitability. Exposing mice lacking dGABA-A receptors to NSW revealed seizure exacerbation beyond the catamenial-mimicking effects of NSW observed in fully kindled WT mice. Compared to WT mice, dKO mice undergoing NSW displayed a striking increase in excitability, with electrographic and behavioral seizure exacerbation, including increased incidence of spontaneous generalized seizures. Such spontaneous catamenial- like seizures were not widespread in WT mice subjected to similar NSW. We have previously published similar results obtained after NSW paradigm in rats Reddy and Zheng, 2007) and fully kindled mice (Reddy et al, 2012) . Patients treated with finasteride had significantly reduced levels of neurosteroids (Duskova et al., 2009 ) and finasteride may result in seizure exacerbation in women with epilepsy (Herzog and Frye, 2003) . Therefore, these reports suggest that endogenous neurosteroids and dGABA-A receptors are regulated within the ovarian cycle and serve as compelling mediators of extrasynaptic inhibition in the hippocampus and overall seizure propensity (Reddy et al., 2012; Wu et al., 2013) .
The potential molecular basis for catamenial-like seizures in dKO is illustrated in Fig. 7 . The enhanced seizure susceptibility following NSW is likely due, at least in part, to increased hippocampal expression of synaptic a4GABA-A receptors (Smith et al., 1998a,; Reddy, 2009; Gulinello et al., 2001) . The receptors exhibit faster decay kinetics than a1GABA-A receptors and confer transient benzodiazepine insensitivity. Prior studies have confirmed increases in the a4-subunit and its pharmacological properties after withdrawal from progesterone or neurosteroids (Smith et al., 1998a ,b, Reddy et al, 2012 , Carver et al, 2014 . In the hippocampus dentate neurons, the dsubunit preferentially coassembles with the a4 subunit to form perisynaptic/extrasynaptic GABA-A receptors (Sur et al., 1999) . Tonic inhibition from dentate gyrus neurons is critically mediated by dGABA-A receptors (Stell et al., 2003) . Interestingly, both d and a4-subunits are increased in the hippocampus of NSW animals (Gangisetty and Reddy, 2010; Reddy et al., 2012; Carver et al., 2014) . Therefore, when neurosteroids are withdrawn at the time of menstruation, the a4, and in-turn, d subunit is upregulated, diminishing synaptic inhibition, resulting in enhanced excitability and a predisposition to catamenial seizures. However, compensatory changes such as increased expression of a4d-subunit-containing receptors appear to preserve GABAergic inhibition in the dentate gyrus, particularly around the perimenstrual period, which is associated with heightened seizure symptoms in patients with catamenial epilepsy.
In the present study, the differential changes in antiseizure activity of AP and of diazepam observed between WT and dKO mice are consistent with the premise that up-regulation of a4/d-subunit-containing GABA-A receptors following NSW is the major contributing factor to these pharmacological changes (Gangisetty and Reddy, 2010; Reddy et al., 2012) . Moreover, the increased NSW-associated seizure exacerbation observed in dKO mice supports previous studies which have pointed to dGABA-A receptors as important mediators of tonic inhibition and protection against catamenial seizures. A more defined picture of the molecular mechanisms underlying enhanced neurosteroid sensitivity in the catamenial model is now coming into view, and recent work has provided meaningful insights into the role of GABA-A receptors in the catamenial epilepsy (Carver et al., 2014; Reddy, 2016) . As such, enhanced neurosteroid sensitivity in catamenial epilepsy has powerful therapeutic implications. Synthetic neurosteroids may provide a practical approach for suppressing catamenial seizures at low doses with little GABAergic side effects, and provide a unique opportunity for conjunctive therapies that work through related but divergent mechanisms. Such therapy could significantly reduce or prevent seizure occurrence in women with epilepsy (Reddy and Rogawski, 2009 ).
There are certain caveats of using constitutional knockout mice for epilepsy research. While receptor expression data from control knockout mice show signs of compensatory adaptation in many regions of the brain, the dynamics of NSW on the regulatory processes involved in subunit assembly and incorporation of receptors into the membrane remain unclear. Furthermore, genetic ablation of d-GABA-A receptors signaling resulted in accelerated kindling epileptogenesis when compared to WT mice. Subunit expression analysis from dKO control mice indicates expression of g2-subunit levels increase while a4-subunit expression levels decrease in the forebrain, implicating functional compensation in response to the loss of d-subunit (Korpi et al., 2002; Peng et al., 2004; Spigelman et al., 2003) . The compensational changes to other subunits have been a challenge in understanding the selective role of d-subunit receptors in the net inhibition of the brain. In conclusion, these results show a striking increase in seizure exacerbation in dKO mice in the NSW model of perimenstrual catamenial epilepsy, which strongly supports the role of extrasynaptic dGABA-A receptor-mediated tonic-inhibition in catamenial epilepsy. As expected, dKO mice exhibited reduced antiseizure activity to benzodiazepines but not to neurosteroids. The heightened seizure susceptibility and altered antiseizure drug responses are consistent with the relative deficiency of dGABA-A receptors in the brain. These studies provide further support for the tonic inhibition-based neurosteroid replacement therapy for catamenial epilepsy.
